Human cadaveric specimens are widely used in studies analyzing the mechanical properties and efficacy of orthopedic and trauadevices ([@CIT0013]). Storage of fresh human cadaveric bones at a temperature of --20°C is a commonly used and accepted method for preservation of bone. Many studies have shown that freezing does not alter the mechanical properties of human bone ([@CIT0015], [@CIT0006], [@CIT0007], [@CIT0008], [@CIT0020]), although some changes have been shown compared to fresh bone ([@CIT0018], [@CIT0015]).

In Europe, there is some difficulty in obtaining a sufficient number of fresh frozen bones. Furthermore, they are expensive and need excessive storage space---and there is also the risk of transmitting pathogens to investigators ([@CIT0019], [@CIT0020]).

Human cadaveric specimens are often obtained from anatomical institutes. The cadavers have usually been embalmed with a formaldehyde solution for at least 1 year before usage. Some studies have investigated the effects of embalming cadaveric bones regarding their mechanical properties ([@CIT0009], [@CIT0015], [@CIT0016], [@CIT0006], [@CIT0007], [@CIT0005]).

Most of the above studies used animal bones for mechanical testing, and had a maximum storage period of ≤ 100 days ([@CIT0009], [@CIT0015], [@CIT0016], [@CIT0006], [@CIT0005]). There have been few studies on long-term effects ([@CIT0020]), and most of the studies using human bones have concentrated on small bone segments ([@CIT0007], [@CIT0005], [@CIT0003]).

Another bone type that is commonly used is the artificial composite bone ([@CIT0004], [@CIT0022]). Concerning the handling and mechanical properties, cadaveric specimens simulate reality best ([@CIT0003]). In comparison, composite bones differ in some of their mechanical characteristics ([@CIT0004]).

We compared fresh frozen human femora and long-period embalmed femora concerning stiffness, maximum axial load until fracture, type of fracture generated, and pullout strength of cortical and cancellous bone screws. Artificial femora were used as a non-osteoporotic reference group.

Materials and methods {#ss1}
=====================

Bone types {#ss2}
----------

6 embalmed human cadaveric femora were obtained from the Institute of Anatomy and Cell Biology of Philipps University, Marburg. They were taken from human cadavers that had been embalmed with a solution consisting of 96% ethanol and \< 2% fomaldehyde. During perfusion, about 15 L of the solution was passed through the femoral artery. Human cadavers were stored there for a period of at least a year before usage. The bones were stored in towels soaked in the above solution, at a temperature of 6°C. 6 human fresh frozen cadaveric femora were obtained commercially from the Anatomy Gifts Registry (Glen Burnie, MD). The bones were sealed in biohazard bags and refrigerated at --20°C. Both the embalmed bones and the fresh frozen bones were whole-femur bone specimens with the soft tissues stripped off. Before use, all bones were placed at room temperature for 24 h. Embalmed bones were kept wet with towels soaked in 96% ethanol and \< 2% formaldehyde, and fresh frozen bones were kept wet with saline-soaked towels during testing. A radiograph of all specimens was taken prior to testing, to exclude pathologies. As an artificial bone model, 6 large composite femora were used (Sawbones Fourth Generation, model no. 3402, left side; Pacific Research Laboratories Inc., Vashon, WA).

Bone mineral density {#ss3}
--------------------

We used peripheral quantitative computed tomography (pQCT) measurements to compare the bone mineral density (BMD) of cadaveric models. For pQCT measurements, a Stratec XCT 2000 system was used (Stratec Medizintechnik GmbH, Pforzheim, Germany). The point of measurement for cortical BMD was set 8 cm below the greater trochanter. Cancellous BMD measurements were performed at the distal metaphysis.

All bone groups were cut in 2 pieces to a length of 30 cm, measured from the top of the femoral head to obtain 2 separate bone specimens for axial and pullout testing. The femoral shaft of the proximal part was placed in special containers filled with Technovit 3040 (Heraeus, Wehrheim, Germany) for further fixation.

Mechanical testing materials {#ss4}
----------------------------

Synthes stainless steel self-tapping cortical bone and cancellous bone screws were used (Synthes, Paoli, PA). The cortex screws had a 4.5-mm thread diameter, an 8-mm head, 1.25-mm pitch, and a core diameter of 3.1 mm. The cancellous bone screws had a 6.5-mm thread diameter, a full thread, an 8 mm head, 1.75-mm pitch, and a core diameter of 3.0 mm. A Synthes 3.2-mm drill bit was used for insertion of all screws. For axial drilling, a fixed-angle drilling machine was used. Mechanical testing was performed with an Instron 5566 materials testing system (Instron, Canton, MA) using axial pullout and loading forces.

Mechanical testing {#ss5}
------------------

*Pullout testing.* 18 Synthes self-tapping cortical screws were inserted into the distal diaphyseal region, 3 cm proximal to the metaphysis. The screws were inserted bicortically to depths of 2 mm past the far cortex. The 18 Synthes self-tapping cancellous bone screws were inserted at the crossing point of the maximum distance between the femoral condyles and the extension of the anatomical axis of the bone. All drilling holes were proximal to the notch region. The pilot holes were also prepared with a 3.2-mm Synthes drill bit using the same drilling machine. The drilling depth was 60 mm. All screws were inserted monocortically. Screw insertion was continuous without any intermission. A depth gauge, sensitive down to 0.05 mm, was used to ensure the depth of insertion. All screws were inserted by a single investigator (TT). Pullout testing was performed using an Instron 5566 materials testing system.

Mechanical testing was performed with a method consistent with the recommendations of the American Society for Testing and Materials (ASTM) ([@CIT0001]). The screws were pulled out with a fixture that slipped over the screw head, which was attached to the load frame of the Instron 5566. An inserted load train employed a universal joint that was essential in ensuring that only axial pullout forces were applied to the screws ([Figure 1](#F1){ref-type="fig"}) ([@CIT0002], [@CIT0017]). Testing was performed under displacement control at a rate of 1 mm/s. Load and displacement data were collected at 30 Hz.

![Material testing. A. Pauwels III fracture of a human cadaveric specimen after axial loading. The bone was fixed in a metal cylinder. Axial compression was performed via an artificial acetabulum. B. Osteosynthesis failure after pullout testing of a cortex screw.](ORT-1745-3674-083-543_g001){#F1}

*Stiffness testing.*The parts of the proximal femur that had been embedded in Technovit were statically fixed in a metal cylinder with an angle of 7° to ensure physiological conditions. The femoral head was loaded through a congruently shaped cast acetabulum with spherical excavation. This artificial acetabulum was freely movable in the horizontal plane, to allow movements of the femoral head during loading ([Figure 1](#F1){ref-type="fig"}). Baseline intact stiffness was calculated (in N/mm) for each specimen. For this purpose, the femora were tested with 20 compressive cyclic loads at 0.25 Hz, moving between 200 and 1,000 N. Thus, the specimens were kept in the elastic part of the load-displacement curve, which ensured that they did not sustain permanent damage. The stiffness (in N/mm) was extrapolated from the slope of the curves of cycles 2--20. To minimize imprecision, the data from the first cycle were not used. This test setup has already been approved in other studies ([@CIT0010]).

*Axial load testing until failure.*The setup for axial load testing until bone failure was equivalent to the setup for stiffness testing, but no cyclic loads were used. Testing was conducted under a continuously increasing load of 50 N/s. The testing was ended if a maximum load of 8,000 N had been reached or if a fracture of the bone occurred. All fractures were documented by video and still photography ([Figure 1](#F1){ref-type="fig"}). The fractures were classified using the Pauwels classification for femoral neck fractures ([@CIT0014]).

Statistics {#ss6}
----------

Data are presented as mean (SD). They were analyzed with one-way analysis of variance (ANOVA) and with Tukey's comparison post-test or a t-test for continuous variables when normal distribution was assumed. We used the Kruskal-Wallis test and Dunn's comparison post-test for continuous data for analysis of datasets that included "off-scale" data that were not normally distributed. 95% confidence intervals (CIs) were determined. We used GraphPad Prism 5 software for Windows (GraphPad Software Inc., La Jolla, CA).

Results {#ss7}
=======

Specimen data {#ss8}
-------------

Both cadaveric bone groups had a sex distribution of 5 females to 1 male specimen. 4 right human femora and 2 left human femora were used in each group; all of the composite bones were left femora. Mean age in the embalmed group was 85 (74--96) years and in the fresh frozen group it was 86 (73--95) years. There was no significant difference in age distribution (p = 0.4). Furthermore, there was no significant difference in the cortical BMD of fresh frozen bone (1,177 mg/cm3, CI: 1,135--1,317) and that of embalmed bone (1,176 mg/cm3, CI: 1,128--1,222) bone, or in the values of cancellous bone mineral density for both bone models (fresh frozen: 184 mg/cm3, CI: 165--200; embalmed: 170 mg/cm3, CI: 156--184). Values for total length, diameter at half of the bone length, and the caput-collum-diaphyseal (CCD) angle are given in [Table 1](#T1){ref-type="table"}.

###### 

Dimensions of the different bone models. Values are mean (CI)

  ------------------------------------------------------------------
                      Fresh frozen\    Embalmed\        Composite\
                      bone             bone             bone
  ------------------- ---------------- ---------------- ------------
  Total length (mm)   448 (417--480)   459 (440--478)   485

  Diameter at half\   29 (25--33)      29 (28--30)      32
    of length (mm)                                      

  CCD angle (°)       122 (117--127)   122 (119--125)   120
  ------------------------------------------------------------------

Mechanical testing {#ss9}
------------------

No statistically significant differences between the 3 test groups were found concerning stiffness. Fresh frozen bones and embalmed bones required significantly lower pullout forces for failure of cortex and cancellous screws than the composite group. Furthermore, lower axial loads could be used in these 2 groups for a fracture of the bone to occur, compared to composite bones. There was no statistically significant difference when comparing fresh frozen and embalmed bones with regard to pullout and axial loading ([Table 2](#T2){ref-type="table"}).

###### 

Comparison of fresh frozen bone (FFB), embalmed bone (EB), and composite bone (CB) concerning stiffness, pullout forces for cortex and cancellous screws, and axial load until failure. Figures are mean (CI) and all p-values are given

                                 FFB                  EB                     CB                     FFB vs. EB   FFB vs. CB   EB vs. CB
  ------------------------------ -------------------- ---------------------- ---------------------- ------------ ------------ ------------
  Stiffness (N/mm)               969 (897--1,039)     999 (875--1,121)       946 (852--1,040)       p = 0.8      p = 0.9      p = 0.6
  Pullout force,                                                                                                              
    cortical screws (N)          1,152 (894--1,408)   1,461 (880--2,042)     5,536 (5,203--5,867)   p = 0.4      p \< 0.001   p \< 0.001
    cancellous screws (N)        654 (471--836)       595 (365--823)         2,344 (2,068--2,620)   p = 0.9      p \< 0.001   p \< 0.001
  Axial load until failure (N)   3,427 (2564--4290)   3,603 (2,898--4,306)   \> 7,952               p = 0.4      p \< 0.01    p \< 0.01

[Figure 2](#F2){ref-type="fig"} shows a typical profile from pullout testing of a cortex screw in a plot of the force-displacement curve.

![A typical profile observed for the pullout testing of a cortical screw.](ORT-1745-3674-083-543_g002){#F2}

All 3 bone types showed Pauwels III fracture types when a fracture occurred. In the fresh frozen bone group and the embalmed bone group, a fracture could be generated for each specimen. However, only 1 of the composite bones had fractured before the maximum load of 8 kN was reached.

Discussion {#ss10}
==========

To simulate physiological conditions in vivo, fresh bone---including the surrounding tissue---would be the best testing material. For mechnical testing, high numbers of bones are needed and testing often has to be performed over several days, which requires bone preservation. Changes in mechnical properties after preservation have been discussed in the literature, and they are the subject of some controversy. Sonstegard and Matthews (1997) found a decrease of 10% in stiffness after freezing of trabecular bones, and they suggested that the reason might be the trabecular damage caused by freezing-expansion of interstitial fluids. [@CIT0015] found a slight increase in stiffness after freezing. [@CIT0012] and [@CIT0007] found similar mechanical properties after freezing bones for different periods of time. Before bone preservation, early post mortem changes lead to alteration in bone stiffness---especially in the first 24 hours ([@CIT0007]). These changes must be considered when interpreting in vitro results.

Besides fresh frozen bones, embalmed human cadaveric bones are common in mechanical studies. There are also varied and contradictory opinions in the literature as to whether embalmed bone reflects realistic physiological conditions. In experiments with cat bones, [@CIT0006] found that formalin fixation caused a reduction in energy absorption and increased the brittleness of the bone. [@CIT0005] reported a decrease in impact strength of bovine bone after fixation with formaldehyde. [@CIT0021] showed similar results for fixation of rat bone with a 10% formalin solution. In contrast, [@CIT0020] recently showed that fixation with formaldehyde had no effect on the mechanical properties of goat bones after a fixation period of up to 1 year, and they suggested that embalmed bones can be safely used for mechanical testing purposes.

There have been few studies on human bone tissue. [@CIT0011] analyzed small specimens extracted from 2 human femoral diaphyses. After a 4 week of fixation using a 4% formalin solution, they found that there were no significant differences in yield stress, ultimate stress, and hardness compared to the fresh bone. In addition, they found an increase in yield and ultimate stress after a fixation period of 8 weeks. [@CIT0003] recently published similar results after comparing formalin-fixed and fresh human bones. They analyzed human specimens taken from the subtrochanteric region of the femur and reported an increase in stiffness values as well as axial and torsional loads after 6 weeks of fixation in 4% formalin solution. Another study found no change in stiffness after a storage time of 100 days after ethanol fixation ([@CIT0007]).

Zech et al. (2006) compared embalmed, fresh, and artificial human calcanei. Artificial calcanei had mechanical characteristics that were different from those of embalmed and fresh frozen cadaveric specimens, which does not support the use of artificial calcanei for mechanical implant testing. Fresh frozen and embalmed specimens appeared to be equally adequate for mechanical testing. Furthermore, Zech suggested that the use of paired specimens is not necessary because of the low variation in mechanical strength in unpaired cadaveric specimens. [@CIT0004] found that composite bones differ from cadaveric bones in some of their mechanical characteristics. [@CIT0022] compared artificial and human bones and they could not find any significant difference regarding screw pullout force and shear stress.

Our testing setup was chosen for comparison of 2 different and frequently used bone types: embalmed and fresh frozen bones. To simulate realistic conditions, we used the whole proximal part of the bone including the shaft for testing of axial loading forces in the physiological axis of the bone. The different unpaired human cadaveric femur bones were harvested from different donors; thus, we could not compare the different fixation techniques on a paired bone model. [@CIT0023] found a low degree of variation in mechanical strength in similar unpaired cadaveric bone specimens. For a better comparison of the specimens, we chose a similar group of donors concerning sex and age distribution. All donors had had osteoporosis documented in their clinical history, but T-scores were not provided. The cortical BMD of embalmed and fresh frozen bones was therefore documented using pQCT measurements prior to mechanical testing.

The cortical and cancellous BMD of the different cadaveric specimens were similar, as were the stiffness and length measurements of the samples.

When comparing embalmed cadaveric bones to fresh frozen cadaveric bones, we found similar stiffness, axial load, and pullout force of cancellous and cortical bone screws. Slightly higher pullout forces for cancellous screws and lower pullout forces for cortical screws in fresh frozen bones can be explained by interindividual differences between the specimens used. There may be an effect of the procedure of embalming on the bones, especially concerning rigidity and brittleness. Van Haaren et al. (2008) and [@CIT0023] did not find any significant differences between embalmed and fresh frozen animal and human bones regarding their mechanical properties. [@CIT0006] found an increase in brittleness and [@CIT0005] found a reduction in impact strength, while Burkhart et al. (2008) and [@CIT0011] found that cortical bones are more rigid after an embalming procedure. We found similar mechanics in embalmed and fresh frozen human cadaveric bones. They can therefore be recommended for biomechanical testing purposes.

As expected, the reference group of composite bones had higher values for all mechanical parameters tested although they showed the same Pauwels type of fracture (type III). These differences can be explained by the fact that these composite "bone analogs" are designed and optimized to be a model for "average" and non-osteoporotic human femora regarding mass density and stiffness distribution. This was why composite bones were used as a reference group in this study.
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